Abstract-In the article a computer simulation of vehicle collision was prepared using the PC-Crash 8.0 software. The results of this simulation were compared to analytical calculations by Routh method with the use of the coefficient of restitution for deformations or velocities. The equations of motion during the crash were formulated in reference to the senses of the vectors. The use mesh based model of a crash was considered, for the stiffness of car bodies in both models was not known.
I. INTRODUCTION
Modelling of car crash may be considered in different aspects [2] , [4] , [6] . In this paper attention was paid to front impact and side impact crash, as the most frequent in Poland in the period of 15 years ( fig. 1 ). As a result of the side impact fatalities or several injuries of passengers may occur, as well as widespread damage to the car, following the change in its mass -inertia parameters. Simulations of the oblique side impact and the frontal oblique impact were conducted using the PCCrash 8.0. The vehicle model being struck is Volkswagen Passat 2.0, while the striking one -Opel Vectra 2.2 DTI, both from 2002 -2005 years of production. Simulation of a collision was prepared at high velocity on the equal the intersection, and on a straight section of single road. This case reflects the event in which Volkswagen was struck at the intersection of enforcing the right of way. In the event of a frontal collision Opel left its lane for the one of the opposite direction.
II. ASSUMPTIONS
Duration time of the simulation was 2s, of which the longevity of the impact itself was 0,9s. Basic assumptions for both simulations were as given:
-vehicle models are linear, the vehicle bodies are treated as rectangular element or sets of rectangular elements having constant stiffness;
-motion takes place on a dry surface with a coefficient of adhesion equal to 0.8; -the vehicles are moving at velocities: Passat at 50km/h, Vectra at 80km/h; -the initial mass of the Volswagen Passat amounting 1370kg has been increased by the weight of the driver and passengers equal to 272kg in accordance with [1] , while the initial mass of the Opel Vectra amounting 1510kg has been increased by the weight of the driver and three passengers equal to 272kg, also in accordance with [1] . No baggage was included; -according to [1] the height of the center of mass for the laden vehicle was assumed at 0.56m for both Opel and Volkswagen;
Assuming that the driver and passenger both weigh at 68kg is consistent with the procedures for determining the allowed load of a car described in [1] .
In fig. 2 location of both cars before and after the side impact collision is shown, whereas in fig. 3 -before and after the front impact collision. The main aim of the computer simulation was to examine the motor vehicles collision with the defined parameters as well as verification of the simulation results through analytical calculations. Another aim was to check the differencies in simulation results after running it for several times. So called "use mesh based impact model" was used. It is a model of impact, where a vehicle body is divided into little polygons and the kinetic energy of impact is into the deformation of each polygon.
For the problem of contact of the vehicle rough surfaces the coefficient of restitution was analysed, for which the prepared calculations would result the same as the simulation.
III. DESCRIPTION OF THE SIMULATION AND THE SELECTED ELEMENTS OF PC-CRASH SOFTWARE
In PC-Crash a vehicle is depicted as a single rigid block [3] , where the body is represented by a rectangular prism of a certain mass, moments of inertia, structural* and torsional stiffness.
The parameter defined as the stiffness of the body in PC-Crash is described as a depth of deformations in relation to the weight of the vehicle. Wheel stiffness is half the value of the vehicle body, whereas the roof plate in models of passenger cars is assumed 75 percent less stiff than the stiffness of the lower vehicle body.
In table 4 selected parameters of the protocol for the initial and final phase of the collision are shown with the segmentation for the side and front impact. Noticeable is the depth of the body deformation, which in the side impact velocity of about 80km/h is 0.34 m for Volkswagen, bearing in mind the so-called mutual penetration of the vehicle bodies. Front of the car striking (Opel) was strongly deformed and the deformation depth is 0.40 m This shows that for such type of collision and for cars of similar weight and size the depth of deformation is larger for the front of the impacting vehicle (rigid passenger compartment). Confirmation of this can be found in section on the front impact collision. For a vehicle moving at higher velocities (Vectra) the depth of deformation is greater. It * structural stiffness according to [3] is defined on the basis of the depth of deformation associated to the weight of the car at a resting position.
follows that the impact velocity affects the resulting strain, which is consistent with the basic equations of the theory of collisions [6] , [7] . The values of the angular velocities around the vertical axes in the initial phase of collision were different from zero. Following the adoption of the center of mass of vehicles greater than zero, there occur phenomena of roll, and the moments of inertia for all axes are included [3] .
IV. VERIFICATIONOF THE OBTAINED RESULTS ON THE BASIS OF ANALYTICAL CALCULATIONS
For comparison to the simulation results calculations were prepared according to the method for the collision issues including the tangential velocity restitution. Data for the calculation was assumed according to the table 4, however the input of tangential and normal velocities were obtained by the transition from the cartesian coordinate system (fig. 4) to the natural local coordinate system (tangential and normal, fig. 5, 6 ). Velocity vector of the striking vehicle (Opel) had to be projected orthogonally on the axes adopted in accordance with fig.  6a . It was assumed that the velocity vector of the impacted vehicle is parallel to the tangent axis (t), and the striking vehicle vector coincides with the normal to the collision (n).
In the side impact, the angle of the vehicle taken from the table 4 was assumed as the impact angle, since it is measured relative to the x axis in the Cartesian coordinate system x-y. It is also easy to situate the tangential axis (along the edge) of the struck vehicle and the normal axis (perpendicular to the tangent). It is more difficult to realize this for a frontal collision, where the vehicles are positioned almost parallel to the x axis. Using trigonometry, knowing the distance of the vehicles from the center of collision ( fig. 6b ) the angles to the axes x and y can be calculated. Based on crash theory between bodies [4] concerning collision theory, theoretical analysis on the issue of vehicle collision was adapted. The issue of restitution of tangential velocity was taken into account. It was assumed that during the collision except for the so-called volumetric strains, there occur also non-dilatational strains associated with the stress in the tangential direction occurring on the surfaces of vehicles. In analogy to Newton's hypothesis the formula to determine the coefficient of restitution of tangential velocities [2] is presented. The relative tangential velocity in the nonslip collision was described by the formula (4.2). Equations (4.2) and (4.3) were solved with respect to impulses, which in turn allowed determining the value of the tangential and normal impulses (4.5). In general the equations of motion during the crash can be presented as: Distances n 1 , n 2 , t 1 , t 2 of both centers of mass to the center of collision were measured in PC-Crash with both cars located at the point of initial contact position. In shear and compression instantaneous velocity formulas [4] , the instantaneous values were replaced by the values from the beginning of the collision. Then the coefficients f, R, and θ were so chosen, that the values of after crash velocities were as close as possible to those obtained in the simulation.
The calculations were prepared with the use of MS Excel. They were conducted in two directions.
A. Firtst approach
First it seemed necessary to obtain the exact values of the crash impulses as in the protocol ( From the obtained results it can be concluded that when aiming to obtain the values of impulses equal to those from the simulation of side impact crash it is not possible to obtain the same values of after crash velocities. However, in the case of front crash the results are close.
When examining the analyzed coefficients it is easy to notice, that for the side crash their values may be possible. The question, however, is what values can the R coefficient have in the side impact.
In the front impact the values of both R and θ coefficients seem to be unlikely and it may indicate, that their values in the real conditions may be close to zero for R and -1 for θ (see chapter 5).
B. Second approach
As the next step it seemed essential to obtain the final values of after crash velocities close or equal to those in crash protocol (table 4) As it can be seen from the calculations for the second approach, the coefficient of restitution of the normal velocities in both cases is well below zero, which may indicate that in real conditions its value oscillates around this value. The default value of R assumed in PC-Crash is 0.1.
Moreover, the values of the angular velocities of both vehicles are much larger than those given in the protocol of computer simulation. Progressive values of impact velocities in the final phase differ slightly from the results of simulation in PC-Crash, however the total values of both impulses is smaller by about 3000Ns for the side impact and 2300Ns for the front impact to the value obtained in the simulation.
V. SELECTED ASPECTS OF THE COEFFICIENT OF TANGENIAL VELOCITIES
For better understanding of the complicated vehicle crash process it seems neccessary to be familiar with the phenomena of friction between the surfaces of the colliding vehicles. Therefore, apart from the classic coefficient of restitution R, it is essential to implement the coefficient for tangential velocities θ, which corresponds with the so-called shape deformations of the motor vehicle body, contrary to volume deformations concerned when defining R.
The theory of the coefficient θ is presented in [4] and concerns occurring circular contact area, where normal stress has a spherical shape. The spread of the shear stress steming from the tangential impulse is also spherical, provided that friction between surfaces is fully developed.
Results of research on this subject shown, that when colliding steel spheres, the value of θ depends both on R and the angle of collision α. On the basis of these conlcusions the formula used for calculating the value of θ can be presented as: In [8] and [9] both normal and tangential coefficients of restitution were discussed. As a result of crash tests of 32 vehicles the values of normal and tangential coefficients were computed. For the vehicle masses between 566 to 1268kg and velocities from 16,3 to 62,3km/h these values were as follows:
-normal restitution coefficient R = (-0,32 ÷ 0,51); -tangential restitution coefficient θ = (-0,87 ÷ 0,27).
The results based on the tests of real vehicles seem to be in disagree with the theory, according to which the value of the normal coefficients of restitution is between 0 and 1.
VI. CONCLUSIONS
The obtained results can be used for further research on the complicity of the vehicle collision process. One aspect of may be examination of the influence of selected crash parameters on the process of collision, whereas the other -the influence of mass -inertia disturbances in car body on stability and dynamics of so damaged and then improperly repaired vehicle [5] .
Both the coefficient of restitution of normal and tangential velocity plays an important role in modeling the collision of vehicles in real conditions. The values of both coefficients depend on the type of collision and the angle of the impact force. The value of the impact force impulse was considered particularly in the case of side impact, because for such type of collision it is difficult to determine the point of impact force application.
Such qualitative evaluation may lead to arbitrary assumptions adopted in the quantitative sense, but with reference to reality.
